Abstract. Enterprise architecture (EA) management forms a commonly accepted means to enhance the alignment of business and IT, and to support the managed evolution of the enterprise. One major challenge of EA management is to provide decision support by analyzing as-is states of the architecture as well as assessing planned future states. Thus, different kinds of analysis regarding the EA exist, each relying on certain conditions and demands for models, methods, and techniques. In this paper we present a classification schema for EA analysis approaches to examine this topic. The classification schema is used to investigate the state-of-the-art of EA analysis by characterizing existing approaches according to the presented dimensions. Based on the results of this classification, future areas of research regarding EA analysis are derived.
Introduction and motivation
In large enterprises, the application landscape, as the entirety of the employed business applications [1] , is an important asset, which forms both a critical support factor for business and a costly investment constantly demanding maintenance operations. Consequently, managing the application landscape has not only recently become a challenge, today's enterprises have to address. The management of the application landscape is not an isolated task but a far-reaching endeavor, which has to be undertaken embedded in the context of enterprise architecture (EA) management. The holistic perspective of EA management sets up a framework for application landscape management, broadening the focus to related parts of the enterprise, such as business or infrastructure aspects (see Figure 1 ). These related parts of the overall architecture of the enterprise are themselves subject to other well-established management processes -the so called enterprise-level management processes, e.g. project portfolio management, strategies and goals management, and IT architecture management [2] . By linking these processes, to which application landscape management also belongs, to the EA management process, the overall alignment of business and IT in an enterprise can be fostered. Fig. 1 : Layers and crossfunctions of a holistic EA management approach [3] In the light of the increased interest from practitioners, different approaches to EA management have been developed in academic research [4, 5, 6, 7] , by practitioners [8, 9, 10, 11] , standardization bodies [12, 13] , and tool vendors [3] . These approaches provide frameworks, methods, and tools to facilitate EA management endeavors, but as of today they focus on structural aspects of the EA or of parts thereof, such as dependencies between business processes and business applications. Based on analyses of these aspects, decisions about the future of the EA are made and plans for a managed evolution (cf. [14] ) are created. Currently, the dynamic behavior of the enterprise system 1 is not considered nor analyzed, although wrong decisions and inappropriate plans on the one hand might lead to high and long-term consequential costs, and on the other hand may have unforeseen impacts on the behavior of the highly dynamic system. The behavior is usually far more complex than the topological structure of the system is likely to indicate. The term dynamic complexity, which points to this fact, is a widely known and accepted in many management disciplines. First references date back to the 60 ths of the last century (cf. the Forrester effect [16] ). The dynamic complexity arising from the behavior of and interactions between the entities, which are considered to make up the EA, has yet not been an important topic in EA management research. This is especially surprising, as in some bordering areas many discussions on dynamic complexity have been undertaken, e.g. in the research of Ultra-Large-Scale Systems [17] . Even more prominent are the discussions in the area of business process management, where also techniques and methods for analyzing and evaluating dynamic complexity were developed (see e.g. [18, 19] ).
Dynamic complexity in the enterprise system seems to us as a promising field of activity in EA management research, where the focus of the techniques for EA analysis can be extended. As a guidance for further research, we develop a classification schema for EA analysis, which considers the different types of complexity but also aspects as e.g. the reach of the analyses. This schema is presented in Section 2. In subsequent Section 3, we classify existing approaches to EA analysis according to the dimensions of the schema. From there, we elaborate on the omissions in current research and shape different lines of activity to close the experienced gap. These ideas are presented in final Section 4.
A classification schema for EA analysis approaches
In the last years, quite a few scientific publications bearing the term EA analysis in their title have been published. Before discussing selected prominent approaches in the following, we should mention that albeit the increased popularity, no common definition of the term EA analysis has yet emerged. This may be caused by the plurality of techniques and methods that are subsumed under the term. Additionally, the approaches differ in respect to their coverage of the EA. To advance the development of this area, we do not try to give a comprehensive definition of the term, but present a classification schema (see Table 1 ) for analysis approaches. The dimensions of classification introduced therein, are explain below. Body of Analysis: structure, behavior statistics, and dynamic behavior As discussed in Section 1, enterprises are complex systems, which encompass a dense web of interconnections. Together with the sheer number of constituents, this number of interconnections contributes to the structural complexity of the enterprise system, reflected in the corresponding EA models. EA analyses have to deal with this complexity by e.g. providing mechanisms to aggregate concepts to a higher level of abstraction or to overleap concepts in transitive relationships. Aside the complex structure, the enterprise system's constituents exert a complex behavior, which also forms a valuable object for analyses. In particular, statistic information about the system's behavior may be highly relevant to the stakeholders of EA management. Such analyses present behavioral aspects in an aggregated manner, e.g. as moving-average of a certain behavioral attribute. This statistic information provides an aggregation of lower level information concerned with the dynamic behavior of the system's constituents, i.e. the timeseries of values of an attribute or a stream of discrete events. The dynamic behavior is especially an interesting object of analysis, if pathological effects in the behavior are considered, e.g. the impact of a system failure propagating over time.
Time Reference: ex-post and ex-ante EA analyses are performed on models of the architecture. Regarding these architectural models, two types can be distinguished: models of current architectures and of planned architectures. Models of the first type describe the architecture of an existing, i.e. implemented EA, while models of the second type mainly refer to planning scenarios for the architecture. In this respect, analyses have to act differently on the two types of models -in the case with current architectures, both information on the structure and the behavior is available, i.e. can be measured 2 . In contrast, architectural plans describe the planned structure, where information on the resulting behavior is not present, as the architecture scenario is neither implemented nor operated. But not only for the question of behavior the distinction between ex-post analyses, i.e. ones targeting current architectures, and ex-ante analyses on planned architectures is sensible. The same is true for analyses on the structure, which is fixed for current architectures, while architectural scenarios are inevitably connected to a higher level of uncertainty. They hence have at least a partially predictive character. The aforementioned facts motivate the distinction concerning the point in time(ex-post and ex-ante).
Analysis Technique: expert-based, rule-based, and indicator-based EA analyses can employ different levels of formalization ranging from informal expert-based techniques to formal indicator-based ones. The expert-based approaches are the most flexible but also most time-consuming ones, and depend on the experience and expertise of the executing person. Therein, one or more EA experts analyze properties of the EA along appropriate architecture views, as e.g. reports or graphical visualizations. Such analyses may produce results that range from rather concrete advices to more general and abstract ideas for future architecture development. Rule-based analyses are performed at an increased level of formalization and can consistently be automated. Thereby, rules describe certain architectural constellations, which are either desirable or should be avoided, i.e. they can represent patterns or anti-patterns for an EA. An even higher level of formalization is reached by indicator-based analysis techniques. Where rule-based techniques can only assess the absence or presence of certain architectural patterns, indicators can be used to quantitatively assess architectural properties, as e.g. complexity. Commonly, the values of these indicators are derived from the values of observable architecture properties by computation. While producing the most expressive and most directly interpretable analysis results, indicator-based techniques are narrow in their focus and their results have to be interpreted carefully. In particular, the analysts must keep in mind, that an indicator is always based on assumptions on the architecture, who -if not longer valid -deprive the indicator of its expressive power.
Analysis Concern: functional and non-functional Enterprises are designed towards performing enterprise functions, such as production or sales. Thereby, we can assume that an EA is developed with certain functional requirements in mind. With the help of EA analysis, the fulfillment of these requirements by the enterprise system, expressed in its architecture, can be assessed. In contrast, the enterprise system also has non-functional properties, as e.g. execution times or throughput. These properties might also be interesting for analysis, especially in cases, where the fulfillment of the functional requirements is given and alternatives for achieving this fulfillment should be compared. Some EA management practitioners mention economic concerns [11] , as e.g. operating or maintenance costs, and want those to be analyzed especially for EA planning. We nevertheless do not further distinguish between non-functional and economic concerns, as we regard the latter to be a specialization of the former. The distinction between functional and non-functional concerns resembles the similar distinction as discussed in the discipline of software engineering, where also different analysis approaches exist targeting both types of aspects (cf. e.g. [20] ). For the context of the EA, this distinction is also undertaken in [21] , where functional and quantitative analyses are juxtaposed. We argue that the terms functional and non-functional are more appropriate, as quantative alludes to a certain type of analysis result, but does not make prescriptions on the analyzed concern. Put in other words, a non-functional requirement as e.g. security could be analyzed in a non-quantative way.
Consideration of Self-Referentiality: None, Single-level, and Multilevel As shown in Figure 1 , organizational structures as well as strategic planning concepts are also considered to be part of the EA. In this vein, the element of selfreferentiality is introduced into the field of EA management in general and EA analysis in special. In particular, the groups and roles in the enterprise actually performing the EA analysis can also be modeled in the corresponding EA model. The situation can become even more complex, as the activities for managing, describing, and planning the EA can be managed, described, and planned as parts of an EA. This agrees with the interpretation of the enterprise as a living system having the property of autopoiesis. Such system is in accordance to [22] defined as: a [system] organized as a network of processes of production, transformation and destruction of components which: (i) through their interactions and transformations continuously regenerate and realize the network of processes (relations) that produced them, and (ii) constitute it [the system] as a concrete unity in space in which they (the components) exist by specifying the topological domain of its realization as such a network.
Regarding this self-creating and -updating characteristics of the EA, an approach to EA analysis has to decide, to which extent these higher-level interactions are considered. In a simple model, the architectural aspects behind the activities of EA management are not considered, i.e. there is no consideration of self-referentiality. A more elaborate analysis model would include one level of self-referentiality, i.e. it would analyze the EA management activities as EA constituents. A multi-level approach goes even further and considers the activities of the meta-processes of EA management (such as EA management governance, cf. [23] ) to be part of the EA model. Introducing EA related activities into the EA itself is very likely to increase the complexity of the corresponding analyses, but may simplify the understanding of emergent behavior [24] in the enterprise system. In [21] another analysis dimension is presented, distinguishing between analytical and simulation analysis techniques. Thereby, simulation-based analysis techniques are understood as executing a model for performing the analysis, while analytical techniques aim at finding a closed solution for an analysis model. In contrast, we do not estimate the importance of that distinction high enough to be beneficial for our subsequent classification.
3 State-of-the-art in enterprise architecture analysis Based on the classification schema introduced in preceding Section 2, in the following the state-of-the-art in EA analysis is investigated. In particular, prominent approaches to this field are introduced and revisited in respect to the classification dimensions of the schema.
In [25] , an approach to perform EA analysis with XML is presented. The article hence puts a strong emphasis on issue how to represent the EA in a model for performing analyses. This model is rather fine grained, proposing to use state-machines to include behavioral descriptions as well as XML elements to represent structural information about the architecture. The time reference in the analyses is not explicitly alluded to, although the structural analyses can be applied both ex-ante and ex-post, while the state-machine based modeling of EA behavior points towards an ex-ante analysis of behavioral aspects. The question how to calibrate behavior models against measured behavior is nevertheless not discussed in the article. Also, the question of the employed analysis technique is not detailed, but indications pointing towards rule-based analysis techniques exist. When it comes to the possible analysis concerns, the paper does neither advocate functional nor non-functional properties of the EA. The approach presented nevertheless can be regarded generic enough to support both types of concerns. Self-referentiality of EA analysis and management is not discussed in the article. This leads to a classification of the approach as shown in Table 2 .
A more quantitative approach to EA analysis is proposed in [26] , where exemplary indicators for analyzing EA behavior are provided. These indicators are developed to provide aggregated information on the behavior of certain EA artifacts, i.e. to compute behavior statistics. The analysis model presented in the ap- Table 2 : Classification of EA analysis approach of [25] proach integrates into the ArchiMate architecture description language 3 , whose concepts are augmented with additional properties reflecting non-functional aspects of the EA, as e.g. the execution or completion time for a business process. The time reference in the analysis is discussed alongside the question of the quantitative input for the analysis model. In particular, the authors highlight that measuring the behavior of an existing system can provide valuable input, but also rise the question of reproducible circumstances for the measurements. For systems, which are still to be developed, estimates for properties, e.g. based on comparable architectures, are noted as possible source for quantitative information. Based on this information, performance measures for the (planned) system are derived analytically, i.e. the values for descriptive indicators are computed. The question of self-referentiality of EA analysis and management is not alluded to in the article, whose approach can be classified as shown in Table 3 .
Body of Analysis behavior statistics Time Reference ex-post ex-ante Analysis Technique indicator-based Analysis Concern
non-functional Self-Referentiality none Table 3 : Classification of EA analysis approach of [26] Two prominent approaches for EA analysis are presented in [27] and [28] , respectively. These approaches vary significantly concerning their origins and concerning the concepts, which they employ. Concerning the classification schema, both approaches are nevertheless quite similar and fit into one classification as shown in Table 4 . The two approaches support both ex-ante and ex-post analyses of enterprise systems represented in EA models. In particular, [27] emphasizes the importance of an indicator system, which is used for analyses there, as means to support communication in an enterprise. The focus of both approaches lies on statistic information arising from the behavior of the enterprise system, although to a limited amount also structural aspects of the EA are analyzed. Beside the indicator-based analysis technique, a prominent difference exists: the approach of [28] aims at the development of single indicators, while [27] goes even further. In particular, the latter approach seeks to develop integrated and consistent in-dicator systems. Regarding the analysis concern, both approaches focus on nonfunctional requirements, with the approach of [27] centering on more economic indicators, whereas [28] puts an emphasis on classical non-functional aspects, such as availability. Finally, it can be said that the approaches restrict themselves to analyses of the EA; the self-referential character of EA management is hence not considered. Table 4 : Classification of EA analysis approaches of [27] and [28] The topic of EA analysis is also discussed in [11] . There an emphasis is put on the utilization of EA models, which have been created during other EA management activities. These models reflect structural aspects of the EA, thus limiting the body of analysis on such aspects. Furthermore, existing enterprise systems reflected in their EAs are analyzed according to different concerns. The majority of these concerns is functional, e.g. homogeneity of the application landscape or the interdependencies between the business applications are considered. Complementing, two economic concerns, namely costs and benefits, are alluded to as typical EA analysis concerns. Nevertheless, the measures for those costs and benefits remain on a rather abstract level. The different analysis concerns are addressed by different techniques, of which the majority is expert-based, i.e. they utilize specific viewpoints to present architecture information to an enterprise architect, who informally assesses e.g. the level of homogeneity. When it comes to the economic concerns, the predominance of the expert-based analysis is broken in favor of a few quantitative indicators, which are especially used to operationalize benefits. All the different types of analysis as proposed in [11] target the enterprise system as reflected in its EA -the corresponding management system is not discussed in the analyses. This leads to a classification as shown in Table 5 . Table 5 : Classification of EA analysis approach of [11] Agreeing with the overall understanding of EA analysis as proposed in [11] and discussed in [29] , a dedicated support of impact analyses is shown in [30] . In particular, the EA is thereby understood as a directed graph reflecting the structure of the enterprise system. On this graph, rule-based analyses are performed to assess and evaluate the transitive impact of an EA constituent, e.g. in cases of failure. Thereby, the analyses are applied to current architectures, although the proposed method is not limited in this respect and could hence also be applied on planned architectures. Regarding the analysis concerns, the approach does not make assumptions, i.e. it can handle both functional and non-functional ones. The following two analysis questions taken from [30] exemplify this: Which business applications are used during the creation of a selected product? and Which applications fail, if a certain server fails?. Due to its high generality, the approach would not be restricted to pure EA analyses, but could also employ higher level processes and concepts. Nevertheless, the paper does not account for this method but limits the approach to structural analyses of the enterprise system. This leads to a classification as shown in Table 6 . Table 6 : Classification of EA analysis approach of [30] Quite different from the aforementioned analysis approaches is the approach presented in [31] , which centers around the idea of intentional modeling. Based on this idea, not only the EA as the architecture of the enterprise system, but also the architecture behind the EA management processes is analyzed. This especially applies to the process of constructing an EA model, whose motivation and stakeholders are heavily considered. To foster the analyses, intentional modeling concepts from the i* language (cf. [32] ) are linked to structural concepts of the EA, such as (business) processes. The models used therein are models of future EAs (and their related EA management processes), which are developed from current architecture models that were annotated with intentional meta-information. The actual analyses are performed by EA experts, as they can account for the different kinds of goals from the intentional models. Especially the so called soft-goals demand expert analysis, as they are not easily operationalized. So expert interviews are strongly alluded to as a suitable analysis technique. In most cases, functional properties of the enterprise system are considered during the analyses, although viability analysis (cf. e.g. [33] ) further allows to include non-functional factors, as performance or security into the analysis. The classification of the approach according to the schema from Section 2 reads as shown in Table 7 . Table 7 : Classification of EA analysis approach of [31] Summarizing the above classifications of the selected EA analysis approaches, we can show a classification schema referencing the corresponding approaches for the different characteristics in the dimensions of classification. This schema is shown in table 8 to prepare the subsequent discussions on the state-of-the-art in EA analysis in the subsequent section.
Body of Analysis structure [11] , [25] , ([27] , [28] ) [30] , [31] behavior statistics [26] , [27] , [28] dynamic behavior [25] Time Reference ex-post [11] , [25] , [26] , [27] , [28] , [30] ex-ante ( [25] ), [26] , [27] , [28] ,( [30] ), [31] Analysis Technique expert-based [11] , [31] rule-based [25] , [30] indicator-based ( [11] ), [26] , [27] , [28] Analysis Concern functional [11] ,( [25] ), [30] , [31] non-functional ( [11] , [25] ), [26] , [27] , [28] , [30] ,([31]) Self-Referentiality none [11] , [25] , [26] , [27] , [28] , [30] single-level model [31] multi-level model 
Conclusion and Outlook
In this paper, we presented a classification schema for EA analysis approaches and applied this schema to the state-of-the-art in the field. Thereby, we could show that the different characteristics for almost every dimension of classification are incorporated into at least one approach. The sole exception to this finding is multi-level self-referentiality, which actually is not easy to implement, especially as EA management is a relatively new discipline without well-established meta-processes (cf. also [23] ). Aside this apparent lack of a supporting approach for meta-EA management analyses, an interesting property can be discovered by considering the overall coverage reached by the different approaches. Subsequently, we discuss this on the different dimensions of classification:
Body of Analysis: Predominantly, structural aspects of the EA such as interconnections, are analyzed. This might indebt to the fact, that behavioral information is less frequently collected and mostly used in an aggregated form, i.e. as behavior statistics. Analyzing the dynamics in behavior, e.g. pathological effects, is only discussed in the approach of [25] , although the description of the actual analysis method remains vague there. Furthermore, dynamic behavior and behavior statistics are not considered in combination by one of the approaches. We nevertheless see that these bodies of analysis are intrinsically linked to each other. Time Reference: Many approaches analyzed are not specifically designed towards ex-ante or ex-post analyses only, but can be applied in both time references equally. This is not surprising, as most of the approaches focus on structural aspects, which can be handled irrespective of their planning character. When the question comes to approaches analyzing aggregated enterprise behavior, the situation presents itself a bit more complicated. Most likely, the corresponding approaches support ex-post and ex-ante analyses, but refer to the latter only in a side-note, reading like the following: for applying the technique on planned architectures, estimations have to be made. The question, how architectural properties for future EAs can be estimated is hence not alluded to in detail in the majority of of the approaches. Analysis Technique: The three characteristics of this dimension are well-applied in the different analysis approaches. On the one hand, this might be caused by the fact that a clear distinction between expert-based analyses and the other characteristics is not always possible based on the approaches' descriptions. When it comes to rule-based and indicator-based, the situation is somewhat different. The approaches are either rule-or indicator-based, but none of them combines both analysis techniques. Analysis Concern: Non-functional and especially economic aspects of the enterprise system are clearly more in the focus of EA analysis approaches, although especially some highly generic approaches are applicable on both types of concerns. Nevertheless, these approaches are most likely to apply the expert-based analysis technique. This might ascribe to the fact that describing the function of an EA constituent is not that easy to perform and hence more structured analysis techniques are hard to apply. Self-Referentiality: Only one of the considered approaches goes beyond a pure EA analysis by also considering the complementing EA management process. This might have manifold reasons aside the aforementioned novelty of the discipline. To name just another important reason, it has to be noted that neither a commonly accepted definition of the EA management function yet exists nor a reference process, one could evaluate the EA management against. This relates the question of self-referentiality in EA analysis approaches to the new and emerging field of EA maturity models (see e.g. [34] ), which is under heavy development for a couple of years now.
Concluding it can be said, that the field of EA analysis shows all signs of an emerging discipline. Quite a few approaches to the field exist, differing in origin, technique, and coverage. But as of today, these approaches are not well-linked to each other, as they e.g. employ many different modeling techniques. Advancing the field of EA analysis would hence clearly mean, bringing together the different approaches especially concerning the dimensions body of analysis, time reference, and analysis technique. In particular, the first two dimensions are closely related in this respect -linking dynamic behavior models with behavior statistics models could advance the development of ex-ante analysis. The dynamic models would allow simulation of behavior of planned architectures, thus replacing the vague guessing of estimates, which is widely alluded to. From these dynamic models, behavior statistics could be derived analytically or by simulation. Thereby, the experienced gap in these dimensions could be closed.
In respect to the analysis techniques, a similar argument applies. Certain architecture properties, most likely structural ones, can be easily assessed by rulebased techniques. With the help of these techniques architectural anti-patterns could be matched, ruling out certain planned architectures in advance. After this, more detailed indicator-based analysis techniques could be applied to predict non-functional properties of the planned EA. Thereby, an integrated analysis approach would be provided, allowing to narrow the search space by ruling out some options before potentially applying extensive and time-consuming simulation techniques.
Above discussions outline a line of action for future research, in which the somewhat isolated EA analysis approaches are integrated into a conceptual framework. We regard the classification schema as presented in Section 2 to give quite a few indications on how such a framework could be structured. Nevertheless, some challenges are await on the way towards an integrated analysis approach. In particular, we expect the question of a conceptual modeling language for supporting arbitrary EA analyses an interesting one. This would especially be true, if such language was designed to not burden the related EA management activities, as EA documentation or EA planning, with formal mechanisms that are solely needed for EA analyses.
